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ABSTRACT 

Recently, we have demonstrated a predominant 
association of Rad26p with the coding sequences 
but not promoters of several GAL genes following 
transcriptional induction. Here, we show that the 
occupancy of histone H2A-H2B dimer at the 
coding sequences of these genes is not altered fol- 
lowing transcriptional induction in the absence of 
Rad26p. A histone H2A-H2B dimer-enriched chro- 
matin in Arad26 is correlated to decreased associ- 
ation of RNA polymerase II with the active coding 
sequences (and hence transcription). However, the 
reduced association of RNA polymerase II with the 
active coding sequence in the absence of Rad26p is 
not due to the defect in formation of transcription 
complex at the promoter. Thus, Rad26p regulates 
the occupancy of histone H2A-H2B dimer, which is 
correlated to the association of elongating RNA 
polymerase II with active GAL genes. Similar 
results are also found at other inducible non-GAL 
genes. Collectively, our results define a new role of 
Rad26p in orchestrating chromatin structure and 
hence transcription in vivo. 

INTRODUCTION 

In humans, mutations in the CSA (Cockayne syndrome 
group A) and CSB (Cockayne syndrome group B) genes 
are strongly correlated to ~90% Cockayne syndrome (CS) 
patients (1). CS is associated with severe growth retard- 
ation, progressive neurological dysfunction, mental re- 
tardation, cataracts, hearing and vision impairments, 
retinal pigmentation, and mild sun sensitivity (1-6). The 
average age of survival of the CS patients is ~12 years (6). 
These patients are unable to preferentially repair DNA 



lesions in the transcribed strand of active gene (7) 
[known as transcription-coupled repair, TCR (8)], 
implicating CSA and CSB in DNA repair. Additionally, 
CSB facilitates transcriptional elongation (9). Thus, the 
defects in DNA repair and/or transcriptional elongation 
caused by mutations in the CS genes appear to be 
associated with the above clinical symptoms of the CS 
patients. 

In Saccharomyces cerevisiae, RAD26 is the homolog of 
CSB (10). Null mutation of RAD26 causes a defect in 
TCR (10). RAD26, like CSB, also promotes transcription- 
al elongation (11,12). Consistently, we have recently 
demonstrated that Rad26p is predominantly associated 
with the coding sequences but not promoters of several 
GAL genes, namely GAL1, GAL7 and GAL10 under 
inducible conditions (13). Similarly, we have also 
demonstrated that Rad26p is associated with the coding 
sequences of other active genes such as INOl and RPS5 
(13). We have further shown that the association of 
Rad26p with active coding sequence is dependent on 
methylation of K36 (lysine 36), but not K4 of histone 
H3 (13). Thus, Rad26p associates with the active coding 
sequence, and regulates transcription. 

The proteins encoded by RAD26 and CSB exhibit 
extensive homology to a large number of proteins of the 
SWI2/SNF2 family of ATPases with DNA-dependent 
ATPase activity (14-17). The SWI2/SNF2 family 
members contain several conserved domains including 
ATPases and helicases, and function in diverse DNA- 
transacting processes such as transcription, recombination 
and different DNA repair processes (16,17). However, 
purified Rad26p exhibits DNA-dependent ATPase, but 
no apparent DNA helicase activity (14). Previous studies 
have implicated Rad26p or its human homolog in chro- 
matin remodeling (18,19). Like SWI/SNF, Rad26p may 
affect histone-DNA contacts by disrupting the rotational 
phasing of DNA (20-22) or changing the local DNA 
topology (18,23,24). This activity may enhance the 
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accessibility of repair factors to DNA lesions or passage 
of RNA polymerase II through chromatin in the coding 
sequence to promote transcriptional elongation. However, 
how Rad26p or CSB regulates the chromatin structure is 
not yet clearly understood. Here, using formaldehyde- 
based in vivo cross-linking and chromatin immuno- 
precipitation (ChIP), mutational and transcriptional 
analyses, we have elucidated the role of Rad26p in regu- 
lation of chromatin structure. Our results reveal that 
Rad26p regulates the occupancy of histone H2A-H2B 
dimer at the active genes, and hence chromatin structure 
and transcription in vivo, as presented below. 

EXPERIMENTAL PROCEDURES 

Plasmids 

The plasmid pRS406 (25) was used in the PCR-based dis- 
ruption of RAD26 and coding sequence of GALL 
The plasmids, pFA6a-13Myc-KanMX6 and pFA6a- 
3HA-His3MX6 (26), were used for genomic tagging 
of the proteins of interest by myc and HA epitopes, 
respectively. 

Strains 

The yeast (S. cerevisiae) strain bearing Flag-tagged histone 
H2B (YTT31) was obtained from the Osley laboratory 
(27). The strain YTT31 was derived from JKM179 
{FX&gHTB l:\LEU 2 in JKM179). The genotype of 
JKM179 is ho A MA To. hmlAr.ADEl hmrAr.ADEl 
adel-100 Ieu2-3,112lys5 trpl::hisG" ura3-52 ade3::GAL:: 
HO (28). The strain, SMY15, was generated by deleting 
RAD26 from the YTT31 strain. The yeast strains, 
MSY143 (Aswi2) and MSY104 (Aasfl), and their 
isogenic wild-type equivalent (FY406) were obtained 
from the Struhl laboratory (29-31). The RAD26 gene 
was deleted from the MSY143 (Aswi2) and MSY104 
(Aasfl) strains to generate PCY18 (Aswi2Arad26) and 
SMY21 (Aasfl Arad26) strains, respectively. The HA 
epitope tag was added genomically to different locations 
toward the C-terminal of Rad26p using the pFA6a-3HA- 
KanMX6 plasmid to generate the SMY23 (Rad26p-920), 
SMY22 (Rad26p-758), PCY20 (Rad26p-660) and PCY12 
(Rad26p-600) strains. The yeast strain harboring null 
mutation in RAD26 and its isogenic wild-type equivalent 
were obtained from yeast deletion library of the 
Shilatifard laboratory. In these strains, the coding 
sequence of GAL1 was deleted to generate PCY27 and 
PCY28. 

Growth media 

For transcriptional induction of GAL1, GAL7 and 
GAL10, yeast strains were initially grown in YPR (yeast 
extract, peptone plus 2% raffmose) up to an OD 60 o of 0.9, 
and then switched to YPG (yeast extract, peptone plus 2% 
galactose) for different induction time periods prior to 
formaldehyde-based in vivo cross-linking. For long induc- 
tion, yeast cells were continuously grown in YPG up to an 
OD 60 o of 1.0 prior to cross-linking. For studies at RPS5, 
yeast cells were grown in YPD (yeast extract, peptone plus 



2% dextrose) up to an OD 60 o of 1.0 before formal- 
dehyde-based in vivo cross-linking. For the induction of 
INOL yeast cells were initially grown in synthetic 
complete medium (yeast nitrogen base, complete amino 
acid mixture and 2% dextrose) containing 100 uM 
inositol at 30°C up to an OD 60 o of 0.45, and then 
switched to the same medium without inositol for 4h 
prior to cross-linking. For studies at the CTT1 and 
STL1 genes, yeast cells were initially grown in synthetic 
complete medium up to an OD 600 of 0.9, and then were 
induced by 0.45 M NaCl for 3 and 7min prior to 
cross-linking. 

ChIP assay 

The ChIP assay was performed as described previously 
(32-35). Briefly, yeast cells were treated with 1% formal- 
dehyde, collected and resuspended in lysis buffer. 
Following sonication, cell lysate (400 ul lysate from 
50 ml of yeast culture) was precleared by centrifugation, 
and then 100 ul lysate was used for each immunopre- 
cipitation. Immunoprecipitated protein-DNA complexes 
were treated with proteinase K, the cross-links were 
reversed and DNA was purified. Immunoprecipitated 
DNA was dissolved in 20 ul TE 8.0 (10 mM Tris-HCl 
pH 8.0 and 1 mM EDTA), and 1 ul of immunoprecipitated 
DNA was analyzed by PCR. PCR reactions contained 
[a- 32 P]dATP (2.5 uCi for 25 ul reaction), and the PCR 
products were detected by autoradiography after separ- 
ation on a 6% polyacrylamide gel. As a control, 'input' 
DNA was isolated from 5 ul lysate without going through 
the immunoprecipitation step, and dissolved in 100 ul TE 
8.0. To compare PCR signal arising from the immunopre- 
cipitated DNA with the input DNA, 1 ul of input DNA 
was used in the PCR analysis. 

The association of Rad26p was analyzed by modified 
ChIP assay as described in our recent publication (13). 
For ChIP analysis of histone H3, we modified the above 
ChIP protocol as follows (34,36,37). Lysate of 800 ul was 
prepared from 100 ml of yeast culture. Lysate of 300 ul 
was used for each immunoprecipitation [using 3 ul of 
anti-histone H3 antibody from Abeam (Ab-1791) and 
100 ul of protein A/G plus agarose beads from Santa 
Cruz Biotechnology, Inc.], and immunoprecipitated 
DNA sample was dissolved in 10 ul of TE 8.0 of which 
1 ul was used in PCR analysis. In parallel, PCR for input 
DNA was performed using 1 ul of DNA that was prepared 
by dissolving purified DNA from 5 ul of lysate in 100 ul of 
TE 8.0. 

The primer pairs used for PCR analysis were as follows: 

GAL1(V AS): 5'-CGCTTAACTGCTCATTGCTATATTG-3' 

5'-TTGTTCGGAGCAGTGCGGCGC-3' 
GAL1 (Core): 5'-ATAGGATGATAATGCGATTAGTTTTTTAGCCTT-3' 

5'-GAAAATGTTGAAAGTATTAGTTAAAGTGGTTATGCA-3' 
GAL1 (ORF): 5'-CAGTGGATTGTCTTCTTCGGCCGC-3' 

5'-GGCAGCCTGATCCATACCGCCATT-3' 
GAL1 (ORF1): 5'-GTGAGGAAGATCATGCTCTATACG-3' 

5'-GGCGGTTTCAAACTTGTTAGATAC-3' 
GAL1 (ORF2): 5'-CAGAGGGCTAAGCATGTGTATTCT-3' 

5'-GTCAATCTCTGGACAAGAACATTC-3' 
GAL7 (Core): 5'-CTATGTTCAGTTAGTTTGGCTAGC-3' 

5'-TTGATGCTCTGCATAATAATGCCC-3' 
GAL7 (ORF): 5'-AAAGTGCAATCTGTGAGAGGCAATT-3' 

5'-TTTTCTCTTGCTTCTCTGGAGAGAT-3' 

(continued) 
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GAL1QJ AS): 5'-CGCTTAACTGCTCATTGCTATATTG-3' 

5'-TTGTTCGGAGCAGTGCGGCGC-3' 
GALl (Core): 5'-ATAGGATGATAATGCGATTAGTTTTTTAGCCTT-3' 

5'-GAAAATGTTGAAAGTATTAGTTAAAGTGGTTATGCA-3' 
GALl (ORF): 5'-CAGTGGATTGTCTTCTTCGGCCGC-3' 

5'-GGCAGCCTGATCCATACCGCCATT-3' 
GAL1 (ORF1): 5'-GTGAGGAAGATCATGCTCTATACG-3' 

5'-GGCGGTTTCAAACTTGTTAGATAC-3' 
GAL1 (ORF2): 5'-CAGAGGGCTAAGCATGTGTATTCT-3' 

5'-GTCAATCTCTGGACAAGAACATTC-3' 
GAL7 (Core): 5'-CTATGTTCAGTTAGTTTGGCTAGC-3' 

5'-TTGATGCTCTGCATAATAATGCCC-3' 
GAL7 (ORF): 5'-AAAGTGCAATCTGTGAGAGGCAATT-3' 

5'-TTTTCTCTTGCTTCTCTGGAGAGAT-3' 
GAL10 (Core): 5'-GCTAAGATAATGGGGCTCTTTACAT-3' 

5'-TTTCACTTTGTAACTGAGCTGTCAT-3' 
GAL10 (ORF): 5'-TTAATGCGAATCATAGTAGTATCGG-3' 

5'-TTACCAATAGATCACCTGGAAATTC-3' 
RPS5 (Core): 5'-GGCCAACTTCTACGCTCACGTTAG-3' 

5'-CGGTGTCAGACATCTTTGGAATGGTC-3' 
RPS5 (ORF): 5'-AGGCTCAATGTCCAATCATTGAAAG-3' 

5'-CAACAACTTGGATTGGGTTTTGGTC-3' 
INOl (ORF): 5'-TGCCCATGGTTAGCCCAAACGACTT-3' 

5'-AAGGAAGAGGCTTCACCAAGGACA-3' 
CTT1 (Core): 5'-GGCTGCAGGCTAGCCTAGCCGAT-3' 

5'-GGAATAGAGGTAAAGCAACGACTTC-3' 
CTT1 (ORF): 5'-TGCTGAACTGTCAGGCTCCCACC-3' 

5'-GGGGAATTCCTTGTGTGGCCATATT-3' 
STL1 (Core): 5'-ACCTTTGATAGGGCTTTCATTGGGGC-3' 

5'-TCTAAGGCCAAGCAGCGTTGAAG-3' 
STL1 (ORF): 5'-ACACTAGACGCGGATCCAAAT-3' 

5'-AGCGTTACAACCAGTAAATTGCTGG-3' 



Autoradiograms were scanned and quantitated by the 
National Institutes of Health image 1.62 program. 
Immunoprecipitated (IP) DNAs were quantitated as the 
ratio of IP to input. For eviction analysis of histones H2B 
and H3 following transcriptional induction, the ChIP 
signal of histone H2B or histone H3 at 0 min of induction 
was set to 100 for both the wild-type and mutant strains. 
The ChIP signals at later induction time periods were 
normalized with respect to 100. UAS, upstream activating 
sequence; Core, core promoter; and ORF, open reading 
frame. 



Total mRNA preparation 

The total mRNA was prepared from yeast cell culture as 
described by Peterson et al. (38). Briefly, 10 ml yeast 
culture of a total OD 60 o of 1.0 in YPD was harvested, 
and then was suspended in 100 ul RNA preparation 
buffer (500 mM NaCl, 200 mM Tris-HCl, lOOmM 
Na 2 EDTA and 1% SDS) along with 100 ul phenol/chloro- 
form/isoamyl alcohol and 1 00 (.il volume-equivalent of 
glass beads (acid washed; Sigma). Subsequently, yeast 
cell suspension was vortexed with a maximum speed 
(10 in VWR mini-vortexer; Cat. No. 58816-121) for 
5 times (30 s each). Cells suspension was put in ice for 
30 s between pulses. After vortexing, 150ul RNA prepar- 
ation buffer and 150 [il phenol/chloroform/isoamyl 
alcohol were added to yeast cell suspension followed by 
vortexing for 15 s with a maximum speed on VWR 
mini-vortexer. The aqueous phase was collected following 
5 min centrifugation at a maximum speed in micro- 
centrifuge machine. The total mRNA was isolated from 
aqueous phase by ethanol precipitation. 



Primer extension analysis 

Primer extension analysis was performed as described pre- 
viously (35). The primers used for analysis of GALl and 
RPS5 mRNAs were as follows 



GALl: 5'-CCTTGACGTTACCTTGACGTTAAAGTATAGAGG-3' 
RPS5: 5'-GACTGGGGTGAATTCTTCAACAACTTC-3' 



Reverse transcriptase-PCR analysis 

Reverse transcriptase-PCR (RT-PCR) analysis was per- 
formed according to the standard protocols (39). Briefly, 
total mRNA was prepared from 10 ml yeast culture grown 
to an OD 60 o of 1.0. Ten micrograms of total mRNA was 
used in the reverse transcription assay. mRNA was 
treated with RNase-free DNase (M610A, Promega) and 
then reverse-transcribed into cDNA using oligo(dT) as 
described in the protocol supplied by Promega (A3800, 
Promega). PCR was performed using synthesized first 
strand as template and the primer pairs targeted to the 
GALl, GALl, GAL10 and RPS5 ORFs. RT-PCR 
products were separated by 2.2% agarose gel electrophor- 
esis and visualized by ethidium bromide staining. The 
primer pairs used in the PCR analysis were as follows: 

GALl: 5'-CAGAGGGCTAAGCATGTGTATTCT-3' 
5'-GTCAATCTCTGGACAAGAACATTC-3' 
GALl: 5'-TGAGACCTTGGTCATTTCAAAGAAG-3' 
5'-ATGGATACCCATTGAGTATGGGAAA-3' 
GAL10: 5' -TTAATGCG AATC AT AGTAGTATCGG- 3' 
5'-TTACCAATAGATCACCTGGAAATTC-3' 
RPS5: 5'-AGGCTCAATGTCCAATCATTGAAAG-3' 
5'-CAACAACTTGGATTGGGTTTTGGTC-3' 

Growth analysis in solid and liquid media 

The growth of various mutant and wild-type cells were 
analyzed on plates containing solid YPD, YPG and 
YPG plus antimycin (1 ug/ml) after 4 days. Yeast cells 
were initially grown in YPD up to an OD 60 o of 1.0, and 
then were spotted on different solid growth media follow- 
ing serial dilution. Yeast cells were grown at 30°C, and 
photographed after 4 days. For analysis of growth in 
liquid medium, wild-type and mutant cells were initially 
grown in YPD up to an OD 600 of 0.2, which is then 
switched to YPG at 30°C, and subsequently, OD 600 was 
measured at different times. 



RESULTS AND DISCUSSION 

We have recently demonstrated that Rad26p associates 
with the active coding sequence in histone H3 K36, but 
not histone H3 K4, methylation-dependent manner (13). 
However, we find that the absence of Elp3p (which 
possesses histone acetyltransferase activity, and is an 
integral component of the elongator complex) or Eaf3p 
(a specific component of the Rpd3S histone deacetylase 
complex) does not alter the recruitment of Rad26p 
(Supplementary Figure SI), implicating the association 
of Rad26p with active coding sequence in a histone 
acetylation-independent manner. Thus, Rad26p 
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associates with the chromatin of active coding sequence, 
and elongating RNA polymerase II and Set2p or histone 
H3 K36 methylation play crucial roles in such association 
(13). Consistent with our in vivo results, Nag et al. (40) 
have also implicated genetic interaction between Rad26p 
and histone H4. Furthermore, previous biochemical 
studies (41) have demonstrated the association of 
Rad26p with chromatin. Like Rad26p, its human 
homolog has also been shown to interact with chromatin 
(18). 

Since Rad26p associates with active coding sequences 
(13) and enhances transcriptional elongation (11,12), the 
association of RNA polymerase II with the coding 
sequence is likely to be decreased in the absence of 
Rad26p. To test this possibility, we analyzed the level 
of RNA polymerase II at different locations (Figure 1A) 
of the GAL1 coding sequence following transcriptional 
induction in YPG (inducing) in the Arad26 strain and its 
isogenic wild-type equivalent. We find that Rad26p 
promotes the association of Rpblp (the largest subunit 
of RNA polymerase II) with the GAL1 coding sequence 
following transcriptional induction (Figure 1A-D). 
However, the global level of Rpblp is not altered in the 
Arad26 strain (data not shown). Consistent with the ChIP 
results, our primer extension analysis reveals that the syn- 
thesis of GAL1 mRNA is significantly decreased in the 
absence of Rad26p (Figure IE). The levels of RPS5 
mRNA in the wild-type and Arad26 strains were moni- 
tored as an internal control, since Rad26p does not 
regulate the association of RNA polymerase II with 
the constitutively active RPS5 gene (Figure 2F). Our 
RT-PCR analysis also reveals a decreased level of GAL1 
mRNA in the absence of Rad26p (Figure IF). Together, 
our results demonstrate that Rad26p enhances the associ- 
ation of RNA polymerase II with the GAL1 coding 
sequence following induction, hence promoting transcrip- 
tional elongation. However, such an enhanced association 
of RNA polymerase II with the active GAL1 coding 
sequence could be an indirect result of the stimulation of 
transcription complex assembly at the promoter by 
Rad26p. To test this possibility, we analyzed the recruit- 
ment of TBP as a representative component of the 
preinitiation complex (PIC) at the GAL1 core promoter 
in the presence and absence of Rad26p. We find that 
Rad26p does not regulate the recruitment of TBP to the 
GAL1 core promoter (Figure 1G). Furthermore, we 
show that the recruitment of the factors such as Gal4p 
(activator) and SAGA co-activator (TAF12p) upstream 
of the PIC formation at the GAL1 promoter is not 
altered in the absence of Rad26p (Figure 1G). 
Collectively, these results support that Rad26p promotes 
the association of elongating RNA polymerase II in- 
dependently of the transcription complex assembly at 
the promoter following transcriptional induction. 
Consistently, Rad26p is recruited to the coding 
sequence, but not promoter, of GAL1 under inducible 
conditions (13). Although Rad26p does not promote the 
formation of transcription complex at the promoter, we 
observed a reduced association of RNA polymerase II 
with the GAL1 core promoter following transcriptional 
induction in YPG (Figure 1H). Since the primer pair 



targeted to the GAL1 core promoter in the ChIP assay is 
located very close to its coding sequence and the average 
size of the sonicated DNA fragments is ~500bp (13), it is 
expected to observe a change in RNA polymerase II as- 
sociation with the GAL1 core promoter if it is altered at 
the coding sequence. Thus, the decreased recruitment of 
RNA polymerase II at the GAL1 core promoter in the 
absence of Rad26p is likely to be an indirect effect of 
reduced association of RNA polymerase II with the 
coding sequence in the Arad26 strain. To confirm it 
further, we deleted the coding sequence of the GAL1 
gene, and then analyzed the association of RNA polymer- 
ase II with the core promoter in the wild-type and Arad26 
strains following transcriptional induction in YPG. We 
find that the absence of Rad26p does not alter the associ- 
ation of RNA polymerase II with GAL1 core promoter 
when the coding sequence is deleted (Figure 1H). Taken 
together, our data support that Rad26p does not regulate 
transcriptional initiation, but rather transcriptional elong- 
ation, consistent with previous studies (11,12). 

The reduced association of RNA polymerase II with the 
GAL1 coding sequence in the Arad26 strain could be due 
to the fact that RNA polymerase II is paused at or fallen 
off the 5'-end of the GAL1 coding sequence in the absence 
of Rad26p. To test these possibilities, we next analyzed the 
relative occupancy of RNA polymerase II at different lo- 
cations of the GAL1 coding sequence (ORF, ORF1 and 
ORF2) in the Arad26 mutant and its isogenic wild-type 
equivalent. We find that the association of RNA polymer- 
ase II throughout the GAL1 coding sequence is significant- 
ly decreased in the Arad26 strain (Figure 1H and I). 
If RNA polymerase II is paused at the 5'-end of the 
GAL1 coding sequence in the absence of Rad26p, we 
would have observed a significant increase in RNA poly- 
merase II occupancy toward the 5'-end of the GAL1 
coding sequence in the Arad26 strain as compared with 
the wild-type equivalent. Such a paused-RNA polymerase 
II would have further led to a decrease in the occupancy of 
RNA polymerase II toward the 3'-end of the GAL1 coding 
sequence in the absence of Rad26p. However, we observed 
a uniform decrease in the occupancy of RNA polymerase 
II throughout the GAL1 coding sequence in the Arad26 
strain (Figure 1H and I), supporting that Rad26p is not 
involved in RNA polymerase II pausing. Furthermore, 
our results rule out the possibility that RNA polymerase 
II has fallen off the GAL1 coding sequence in the absence 
of Rad26p. If this happens, we would have observed a 
dramatic decrease in the occupancy of RNA polymerase 
II toward the 3'-end of the GAL1 coding sequence in the 
Arad26 strain. However, our results reveal that the asso- 
ciation of RNA polymerase II is uniformly decreased 
throughout the GAL1 coding sequence (Figure 1H and 
I). These results support that RNA polymerase II moves 
slowly through the GAL1 coding sequence in the Arad26 
strain. 

Next, we asked whether Rad26p also promotes the 
association of RNA polymerase II with the coding 
sequences of other GAL genes following transcriptional 
induction. To address this question, we analyzed the asso- 
ciation of RNA polymerase II with the coding sequences 
of GAL7 and GAL10 in the presence and absence of 
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Figure 1. Rad26p promotes the association of RNA polymerase II with the GAL1 coding sequence following transcriptional induction. (A) The 
schematic diagram of the GAL1 coding sequence or ORF with the PCR amplification regions (ORF, ORF1 and ORF2) in the ChIP assay. The 
numbers are presented with respect to the position of the first nucleotide of the initiation codon (+1). (B-D) Analysis of Rpblp (the largest subunit 
of RNA polymerase II) association with the GAL1 coding sequence in the Arcid26 strain and its isogenic wild-type equivalent. The wild-type and 
Arad26 strains were first grown in YPR up to an OD SM of 0.9, and then shifted to YPG for different periods of induction prior to 
formaldehyde-based in vivo cross-linking. Immunoprecipitation was performed using the mouse monoclonal antibody 8WG16 (Covance) against 
Rpblp-CTD (carboxy terminal domain). The specific primer pair targeted to the different locations in the GAL1 coding sequence was used for PCR 
analysis of the immunoprecipitated DNA samples. The ChIP signal is the ratio of immunoprecipitate over the input in the autoradiogram. The 
maximum ChIP signal in the wild-type strain was set to 100, and other ChIP signals in the wild-type and Arad26 strains were normalized with respect 
to 100. The normalized ChIP signals (represented as normalized occupancy) were plotted as a function of induction times. (E) Primer extension 
analysis. Both the wild-type and Arad26 strains were grown in YPR up to an OD 600 of 0.9, and then switched to YPG for 60 min. Total RNA was 
prepared and analyzed by primer extension. (F) RT-PCR analysis. Yeast strains were grown as in panel E. Total RNA was prepared and analyzed 
for transcription. Oligo(dT) primer was used for cDNA synthesis. (G) Rad26p does not regulate the formation of transcription complex at the GAL1 
promoter. Both the wild-type and Arad26 strains were grown as in panel E prior to formaldehyde-based in vivo cross-linking. Immunoprecipitations 
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Rad26p. We find that Rad26p promotes the association of 
RNA polymerase II with the GAL7 and GAL10 coding 
sequences following induction in YPG (Figure 2A and B), 
and consequently, enhances the synthesis of mRNA 
(Figure 2C). However, the recruitment of TBP to the 
core promoters of these genes is not altered in the 
Arad26 strain (Figure 2D). Thus, like the results at 
GAL1, Rad26p enhances the association of RNA poly- 
merase II with the GAL7 and GAL10 coding sequences 
following induction, hence promoting transcriptional 
elongation. Consistently, Rad26p is associated with the 
coding sequences, but not promoters, of these genes 
under inducible conditions (13). 

To determine whether RNA polymerase II association 
could reach the wild-type level if given enough time to 
attain the steady state, we analyzed the levels of RNA 
polymerase II at the GAL1, GAL7 and GAL10 coding 
sequences following continuous induction in YPG. 
We find that the steady state levels of RNA polymerase 
II association with the GAL1, GAL7 and GAL10 coding 
sequences are not altered in the absence of Rad26p 
(Figure 2E). Thus, Rad26p promotes the initial associ- 
ation of RNA polymerase II with the active coding 
sequence. However, when the steady state is reached, the 
alteration of RNA polymerase II association is not 
observed in the absence of Rad26p. Thus, it is anticipated 
that the defect in the association of RNA polymerase II 
with the coding sequence of the constitutively active gene 
would not be observed in the Arad26 strain. Indeed, the 
association of RNA polymerase II with the coding 
sequence of a constitutively active gene, RPS5, is 
not altered in the absence of Rad26p (Figure 2F). 
Furthermore, the recruitment of TBP to the RPS5 
core promoter remains invariant in the Arad26 strain 
(Figure 2D). 

Next, we asked how Rad26p enhances the association 
of RNA polymerase II with active coding sequence. 
We hypothesized that Rad26p might be facilitating the 
eviction of histone H3-H4 tetramer and H2A-H2B 
dimer during transcriptional induction, hence promoting 
the passage of RNA polymerase II through the coding 
sequence. To test this hypothesis, we analyzed the level 
of histone H3 (as a representative component of histone 
H3-H4 tetramer) at the coding sequence of GAL1 prior to 
and following 30min induction in YPG. We find that 
histone H3 is evicted from the GAL1 coding sequence fol- 
lowing induction in the wild-type cells (Figure 3A). This is 
expected, since histone H3 is evicted during transcription 
(37,42^16). However, the absence of Rad26p does not 
alter the eviction of histone H3 from the GAL1 coding 
sequence following 30min transcriptional induction 
(Figure 3A). Thus, Rad26p does not appear to affect the 



eviction of histone H3 from the GAL1 coding sequence 
during transcriptional induction. Likewise, we find that 
the eviction of histone H3 from the GAL7 and GAL10 
coding sequences is not altered in the absence of Rad26p 
(Figure 3B and C). Together, these results indicate that 
Rad26p does not alter the eviction of histone H3-H4 
tetramer from the GAL1, GAL7 and GAL10 coding se- 
quences following 30 min transcriptional induction. 
Thus, the reduced association of RNA polymerase II 
with the active GAL1, GAL7 and GAL10 coding sequences 
in the Arad26 strain does not appear to be due to an 
impaired eviction of histone H3-H4 tetramer. 

Previous studies (47^19) have implicated the loss of 
histone H2A-H2B dimer in impairing the formation of 
higher order chromatin structures from polynucleosomes 
for facilitating the interaction of protein-protein 
complexes with DNA to promote transcription. Thus, it 
is quite likely that Rad26p enhances the association of 
RNA polymerase II with the active coding sequence by 
promoting the eviction of histone H2A-H2B dimer. 
Furthermore, the loss of histone H2A-H2B dimer has 
been suggested to be relevant for the function of RNA 
polymerase II on the chromatin template (47), since 
dimer removal acts as the first step in the complete 
removal of octamer (50,51). Thus, to test the hypothesis 
that Rad26p facilitates the eviction of histone H2A-H2B 
dimer, we analyzed the level of histone H2B (as a repre- 
sentative component of histone H2A-H2B dimer) at the 
GAL1 coding sequence in the presence and absence of 
Rad26p following induction in YPG. As expected, 
histone H2B is evicted from the GAL1 coding sequence 
following transcriptional induction in the wild-type cells 
(Figure 4A), consistent with previous studies (37,42-46). 
Intriguingly, the occupancy of histone H2B is not 
altered till 90 min following transcriptional induction 
in the absence of Rad26p (Figure 4A). Thus, we observe 
histone H2A-H2B dimer-enriched chromatin at the GAL1 
coding sequence in the absence of Rad26p (Figure 4A-C; 
Figure 8E). As a result, the association of RNA polymer- 
ase II with the GAL1 coding sequence is decreased in the 
Arad26 strain (Figure 1A-D). Similar to the results at 
GAL1, we find that the occupancy of histone H2B at the 
GAL7 and GAL10 coding sequences is not altered in the 
Arad26 strain (Figure 4D and E). These results support 
that Rad26p facilitates the eviction of histone H2A-H2B 
dimer from the coding sequences of active GAL genes. 
Interestingly, even when histone H3 is evicted normally 
from the GAL coding sequences following 30 min tran- 
scriptional induction, the occupancy of histone H2B is 
not significantly altered in the Arad26 strain (Figures 3 
and 4). However, previous studies have demonstrated 
that histone H2A-H2B dimer is assembled on histone 



Figure 1. Continued 

were performed using anti-Gal4p (RK5C1; Santa Cruz Biotechnology), anti-TAF12p (obtained from the laboratory of Michael R. Green) and 
anti-TBP (obtained from the laboratory of Michael R. Green) antibodies against Gal4p, TAF12p and TBP, respectively. (H) Regulation of Rpblp 
occupancy at the GAL1 core promoter by Rad26p in the presence and absence of the coding sequence. Wild-type and mutant strains were grown as 
in panel E prior to cross-linking. +ORF, with open reading frame; and -ORF, without open reading frame. (I) Analysis of Rpblp occupancy at 
different regions of the GAL1 coding sequence following 60 min transcriptional induction in YPG. The maximum ChIP signal was set to 100, and 
other ChIP signals were normalized with respect to 100. 
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Figure 2. Rad26p promotes the association of RNA polymerase II with the GAL7 and GAL10 coding sequence following transcriptional induction. 
(A and B) Analysis of Rpblp association with the GAL7 and GAL10 coding sequences in the Arad26 strain and its isogenic wild-type equivalent. The 
yeast strains were grown and cross-linked as in Figure IB. The specific primer pairs targeted to the GAL7 and GAL10 coding sequences were used for 
PCR analysis of the immunoprecipitated DNA samples. (C) RT-PCR analysis. Both the wild-type and Arad26 strains were grown as in Figure IE. 
(D) Rad26p does not regulate the recruitment of TBP to the GAL7, GAL10 and RPS5 core promoters. Both the wild-type and Arad26 strains were 
grown as in Figure IE prior to cross-linking. Immunoprecipitation was performed as in Figure 1G. The specific primers targeted to the core 
promoters were used for PCR analysis of the immunoprecipitated DNA samples. (E) The steady-state levels of RNA polymerase II association 
with the coding sequences of GAL1, GAL7 and GAL10 are not altered in the absence of Rad26p. Both the wild-type and Arad26 strains were 
continuously grown in YPG prior to cross-linking. (F) Rad26p does not alter the association of RNA polymerase II with the coding sequence of a 
constitutively active gene, RPS5. Yeast strains were grown in YPD up to an OD 60 o of 1.0 prior to cross-linking. Immunoprecipitated DNA was 
analyzed by PCR, using the primer pair targeted to the RPS5 coding sequence. 



H3-H4 tetramer to form a nucleosome (52-54). So, how is 
histone H3 evicted normally from the GAL coding se- 
quences in the absence of Rad26p following 30 min tran- 
scriptional induction, whereas the occupancy of histone 
H2B is not altered in the Arad26 strain? It is quite likely 
that a relatively reduced level of histone H2B eviction in 
the Arad26 strain may slow down the eviction of histone 
H3 immediately following transcriptional induction. 
However, later on, histone H3 is evicted with the help of 



histone H3 chaperone, Asflp, as previous studies (29,55) 
have implicated the accumulation of Asflp at GAL1 fol- 
lowing transcriptional induction to promote the eviction 
of histone H3. To test this hypothesis, we analyzed the 
levels of histones H3 at the coding sequences of GALL 
GAL7 and GAL10 in the wild-type and Arad26 strains 
immediately following transcriptional induction. We find 
that histone H3 is not efficiently evicted from the GAL1, 
GAL7 and GAL10 coding sequences following 5 min 
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Figure 3. Rad26p does not alter the eviction of histone H3 from the coding sequences of GAL1 (A), GAL7 (B) and GAL10 (C) upon transcriptional 
induction. Both the wild-type and Arad26 strains were grown in YPR up to an OD 60 o of 0.9, and then switched to YPG for 30 min prior to 
formaldehyde treatment. Immunoprecipitation was performed using an anti-histone H3 antibody (Abeam; Ab-1791) against histone H3. 
Immunoprecipitated DNA was analyzed by PCR, using the primer pairs targeted to the coding sequences of GAL1, GAL7 and GAL1Q. 



transcriptional induction in the Arad26 strain in compari- 
son to the wild-type equivalent (Figure 5A-C). However, 
following 30 min induction, histone H3 is evicted in the 
Arad26 strain, similar to the wild-type equivalent (Figure 
3). When both Rad26p and Asflp are absent, histone H3 
is not evicted from the GAL1 coding sequence following 
30 min transcriptional induction (Figure 6A). Likewise, 
histone H3 is not evicted from the GAL1 coding 
sequence in the Aasfl strain (Figure 6A), consistent with 
previous studies (29,55). Similar results are also found at 
GAL7 and GAL10 (Figure 6B and C). Thus, the delayed 
eviction of histone H2B in the absence of Rad26p slows 
down histone H3 eviction immediately following tran- 
scriptional induction, but later on, histone H3 is evicted. 
However, the occupancy of histone H2A-H2B dimer is 
not altered in the Arad26 strain. These observations 
support the existence of a sufficiently high level of 
histone H2A-H2B dimer, even when a significant 
amount of histone H3-H4 tetramer is evicted in the 
Arad26 strain. Consistent with our results, Andrews 
et al. (56) have also recently reported an atypical histone 
H2A-H2B dimer-enriched chromatin at several GAL 
genes in the absence of Naplp, a histone chaperone. 
Furthermore, histone H2A-H2B dimer has been shown 



to form a stable complex with DNA in the absence of 
histone H3-H4 tetramer (56). 

Next, we analyzed the role of Rad26p's ATPase domain 
in regulation of the occupancy of histone H2A-H2B 
dimer. Rad26p has seven (I, la, II-VI) conserved Swi2p/ 
Snf2p translocase domains essential for ATPase activity 
(57,58). The domains, IV, V and VI, are present toward 
the C-terminal of Rad26p, and are essential for its ATPase 
activity (57). Here, we generated four mutant versions of 
Rad26p (namely, Rad26p-920, Rad26p-758, Rad26p-660 
and Rad26p-600) as schematically shown in Figure 7A. 
Each mutant version was generated by placing 
C-terminal HA-epitope tag genomically at the desired pos- 
itions of Rad26p, and was found to be stable by western 
blot analysis (data not shown). Using these mutant 
versions of Rad26p along with the wild-type equivalent 
(Rad26p-1085), we analyzed the occupancy of histone 
H2B at the GAL1 coding sequence. We find that the 
deletion of all amino acids just downstream of the 
domain VI decreases the occupancy of histone H2B 
(Figure 7B), and thus histone H2B is evicted normally. 
But, the deletion of three consecutive domains IV, V 
and VI does not impair the occupancy of histone H2B 
(Figure 7B). These three conserved Swi2p/Snf2p 
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Figure 4. Rad26p promotes the loss of histone H2B from the coding sequences of GAL1, GAL7 and GAL10 following transcriptional induction. 
(A) Regulation of histone H2B occupancy at the GAL1 coding sequence by Rad26p. Both the wild-type and Arad26 strains carrying Flag-tagged 
histone H2B were grown in YPR up to an OD 60 o of 0.9, and then switched to YPG for different periods of transcriptional induction prior to 
formaldehyde treatment. Immunoprecipitation was performed using an anti-Flag antibody (Sigma; F1804) against Flag-tagged histone H2B. (B and 
C) Analysis of the occupancies of histone H3 and Flag-tagged histone H2B at the GAL1 coding sequence following 30 and 60 min transcriptional 
induction in YPG in the Arad26 and wild-type strains. (D and E) Regulation of histone H2B occupancy at the GAL7 and GAL10 coding sequences 
by Rad26p following transcriptional induction. 



domains are essential for ATPase activity (57). Thus, 
Rad26p regulates the occupancy of histone H2A-H2B 
dimer via its ATPase activity. However, the effect of the 
deletion of three consecutive domains (i.e. IV-VI) of 
Rad26p in regulation of histone H2B occupancy is not 
dramatic (Figure 7B). Thus, other domain(s) of Rad26p 
might also be involved in regulating the occupancy of 
histone H2A-H2B dimer. 

Like Rad26p, the SWI/SNF chromatin remodeling 
complex has been implicated in the displacement of 
histone H2A-H2B dimer but not histone H3-H4 
tetramer in the generation of a transiently disrupted chro- 
matin structure (59-61). However, unlike Rad26p, Swi2p 
component (that possesses DNA-dependent ATPase 
activity) of the SWI/SNF complex is essential for 



formation of the PIC at the GAL1 core promoter 
(Figure 7C). We find that the recruitment of TBP as well 
as Rpblp to the GAL1 core promoter is significantly 
impaired in the Aswi2 strain (Figure 7C). However, the 
recruitment of Gal4p to the GAL1 UAS is not altered in 
the Aswi2 strain (Figure 7D). Thus, Swi2p specifically 
promotes the PIC formation. Furthermore, we observe 
that the eviction of histone H2A-H2B dimer from the 
GAL1 core promoter is impaired in the absence of 
Swi2p (Figure 7E). These results are consistent with 
previous studies (30,42,62,63) that implicated a correlation 
between chromatin disassembly and PIC formation. Since 
transcription is not initiated, histone H2B is not evicted 
from the GAL1 coding sequence (data not shown). Thus, 
while Rad26p promotes transcriptional elongation, Swi2p 



Nucleic Acids Research, 2012, Vol. 40, No. 8 3357 



200 



o cc 

c O 160 
.2 ^ 

120 

U) .C 

in 

" 5 

N X 

E o 
o w 



80 



40 



Raffinose ► Galactose 



CO 



CO 



Galactose- 



B 200 -i 



0 min 



5 min 



o or 
= 9 

.2 n. 

.2 <t 

go 

(A .C 

io .t; 
£ 5 

N X 

^ a> 
E o 
o to 



160 - 



120 - 



80 - 



40 - 



Raffinose ► Galactose 



(O 



CO 



Galactose- 



200 



5 2 160 

(0 -4 

B S 120 
10 _ 
i« £ 

(0 

T3 > 

a> co 
= 1 

<U CD 

u 



80 - 



40 



0 min 



Raffinose- 



5 min 



Galactose 



CO 



CO 

JO 



Galactose - 



0 min 



5 min 



Figure 5. Eviction of histone H3 from the GAL1 (A), GAL7 (B) and 
GAL10 (C) coding sequences is impaired immediately following tran- 
scriptional induction in the absence of Rad26p. Both the wild-type and 
Arad26 strains were grown in YPR up to an OD 600 of 0.9, and then 
switched to YPG for 5 min prior to formaldehyde treatment. 
Immunoprecipitation was performed as in Figure 3. 



facilitates transcriptional initiation of GALL Hence, the 
yeast strain with null mutations of SWI2 and RAD26 is 
likely to be inviable in YPG. To test this possibility, we 
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Figure 6. Analysis of histone H3 eviction from the GAL1 (A), GAL7 
(B) and GAL10 (C) coding sequences following 30 min transcriptional 
induction in the Arad26, Aasfl, Arad26Aasfl and wild-type strains. 



analyzed the growth of the wild-type, Aswi2, Arad26 and 
Aswi2Arad26 strains in solid YPD, YPG and YPG plus 
antimycin media. We find that the Aswi2 cells do not grow 
well in solid YPG and YPG plus antimycin media after 4 
days (Figure 8A), consistent with previous studies (64). 
In contrast, the Arad26 cells grow well in YPG and 
YPG plus antimycin media (Figure 8A). Interestingly, 
the Aswi2Arad26 cells grow better than the Aswi2 cells in 
solid YPG and YPG plus antimycin media (Figure 8A). 
Similarly, the Aswi2Arad26 double mutant grows 
better than the Aswi2 strain in liquid YPG medium 
(Figure 8B). These results demonstrate that the absence 
of Rad26p suppresses the Aswi2 growth phenotype, sup- 
porting the genetic interaction between RAD26 and SWI2. 
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Since the Aswi2Arad26 double mutant grows better than 
the Aswi2 strain (Figure 8A and B), it may be likely that 
the association of RNA polymerase II with GAL1 would 
be enhanced in the Aswi2Arad26 double mutant as 



compared with the Aswi2 strain. To test this, we 
analyzed the association of RNA polymerase II with the 
GAL1 coding sequence in the Aswi2, Aswi2Arad26, Arad26 
and wild-type strains following 90 min induction in YPG. 
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Figure 8. Growth analysis of the Aswi2, Arad26. As\ri2Arad26 and wild-type strains in the solid YPD, YPG, and YPG plus antimycin growth media 
(A), and liquid YPG medium (B). Fold increase of Rpblp association with the GAL1 coding sequence following 90 min induction in the Arad26, 
Aswi2. Aswi2Arad26 and wild-type strains (C). Fold increase is the ratio of ChIP signal following 90 min induction to that prior to induction. 
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Arad26, Aswi2, Aswi2Arad26 and wild-type strains following 90 min transcriptional induction in YPG. 



We find that the association of RNA polymerase II with 
the GAL1 coding sequence is significantly increased in 
the Aswi2Arad26 double mutant as compared with the 
Aswi2 strain (Fig ure 8C). Consistently, we find that the 
GAL1 transcription in the Aswi2Arad26 double mutant 
is higher than that in the Aswi2 strain (Figure 8D). Since 
transcription is inversely correlated with the eviction of 
histones H3-H4 tetramer and H2A-H2B dimer 
(30,42,62,63), we observed a significant eviction of 
histones H3 and H2B in the Aswi2Arad26 double 
mutant as compared with the Aswi2 strain (Figure 8E). 
However, both histones H3 and H2B are not evicted 
from the GAL1 coding sequence in the Aswi2 strain 
(Figure 8E), consistent with previous studies (30). 
Thus, RAD26 and SWI2 appear to interact functionally 
to promote transcription. Based on the fact that Swi2p 
is required for transcriptional initiation and Rad26p 
promotes transcriptional elongation, one would expect 
similar growth phenotypes of the Aswi2Arad26 and 
Aswi2 strains. However, our data demonstrate that the 
deletion of RAD26 suppresses the phenotype of the 
Aswi2 strain. Thus, both Rad26p and Swi2p are likely 



to be involved in the same process. Therefore, like 
Rad26p, Swi2p may also be involved in transcriptional 
elongation, in addition to its role in transcriptional 
initiation. Indeed, Schwabish et al. (30) have implicated 
the role of Swi2p in transcriptional elongation. Taken 
together, our results support the functional genetic inter- 
action between RAD26 and SWI2. However, the mo- 
lecular basis of such interaction is yet to be determined. 

The above results at the GAL genes support 
that Rad26p regulates the occupancy of histone H2A- 
H2B dimer during transcriptional elongation. Next, we 
analyzed whether Rad26p also regulates the occupancy 
of histone H2A-H2B dimer at the coding sequences of 
other inducible non-GAL genes such as INOl, CTT1 
and STL1. We find that Rad26p predominantly associates 
with the coding sequences but not promoters of these 
genes following transcriptional induction (13; Figure 9 A 
and B). Furthermore, we observe that the occupancy of 
histone H2B at the coding sequences of these genes 
is not significantly altered in the absence of Rad26p 
(Figure 9C-E). However, Rad26p does not alter the 
eviction of histone H3 from the coding sequences 
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Figure 9. Rad26p is predominantly associated with the coding sequences of CTT1 (A) and STL1 (B) following transcriptional induction. Yeast cells 
were grown in synthetic complete medium up to an OD 60 o of 0.9, and then induced by 0.45 M NaCl for 7 min prior to cross-linking. 
Immunoprecipitation was performed as described previously (13). Rad26p facilitates the loss of histone H2B from the INOl (C), CTT1 (D), and 
STL1 (E) coding sequences following transcriptional induction. Immunoprecipitation was performed as in Figure 4. 



of these genes following transcriptional induction (Figure 
10A-C). Thus, like the results at the GAL genes, we find 
that Rad26p predominantly associates with these non- 
GAL coding sequences, and regulates the occupancy of 
histone H2A-H2B dimer. Furthermore, we observe that 
such regulation of the occupancy of histone H2A-H2B 
dimer by Rad26p is correlated with the association of 
elongating RNA polymerase II (Figure 10D). 

Collectively, our results support an atypical histone 
H2A-H2B dimer-enriched chromatin in the absence of 
Rad26p. Notably, the loss of histone H2A-H2B dimer 
has been shown to impair the formation of higher order 
chromatin structures that inhibit transcription (49). 
Furthermore, the loss of histone H2A-H2B dimer has 
been implicated to facilitate the binding of transcription 
factors to promote transcription in vitro (47,48). Thus, the 
enhanced association of RNA polymerase II with the 
active coding sequences in the presence of Rad26p 
appears to be mediated through the stimulated eviction 
of histone H2A-H2B dimer. Furthermore, we have 



recently demonstrated that the association of Rad26p 
with the coding sequence is dependent on RNA polymer- 
ase II or active transcription (13). Thus, Rad26p is 
associated with the active coding sequence in an RNA 
polymerase Il-dependent manner, and subsequently, 
enhances the passage of RNA polymerase II through nu- 
cleosomes by promoting the loss of histone H2A-H2B 
dimer in a feedback fashion in vivo. 

Rad26p plays an important role in TCR (65-70). It 
recognizes DNA lesion in a transcriptional elongation- 
dependent manner (13), and subsequently, participates in 
DNA repair. Thus, an enhanced elongation appears to 
promote TCR by facilitating the recruitment of Rad26p 
to the lesion. In addition, the decreased occupancy of 
histone H2A-H2B dimer in the presence of Rad26p may 
also be directly enhancing TCR by stimulating the ac- 
cess and recruitment of DNA repair factors to the 
lesion. Furthermore, Rad26p may be enhancing TCR by 
directly interacting with and recruiting DNA repair 
factor(s) to the lesion, since previous studies (71,72) have 
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Figure 10. Rad26p does not alter the eviction of histone H3 from the INOl (A), CTT1 (B) and STL1 (C) coding sequences following transcriptional 
induction. Both the wild-type and mutant strains were grown and cross-linked as in Figure 9. Immunoprecipitation was performed as in Figure 3. 
(D) Rad26p facilitates the association of RNA polymerase II with the STL1, CTT1 and INOl coding sequences. Immunoprecipitation was per- 
formed as in Figure IB. 



implicated the interaction of Rad26p with DNA repair 
factors such as Rad3p and Rad2p. Such possibilities 
remain to be further elucidated. Nonetheless, this study 
defines a new physiological role of Rad26p in regulating 
the occupancy of histone H2A-H2B dimer, and hence 
chromatin structure. Since Rad26p is highly conserved 
with human CSB, the chromatin structure in human is 
likely to be regulated in a similar fashion. 
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